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ABSTRACT 

To compensate for stress imposed by salinity, biofilm formation and exopolysaccharide production are 
significant strategies of salt tolerant bacteria to assist metabolism. We hypothesized that two previously 
isolated salt- tolerant strains Halomonas variabilis (HT1) and Planococcus rifietoensis (RT4) have an ability 
to improve plant growth, These strains can form biofilm and accumulate exopolysacharides at increasing 
salt stress. These results showed that bacteria might be involved in developing microbial communities under 
salt stress and helpful in colonizing of bacterial strains to plant roots and soil particles. Eventually, it can 
add to the plant growth and soil structure. We investigated the comparative effect of exopolysacharide and 
biofilm formation in two bacterial strains Halomonas variabilis (HT1) and Planococcus rifietoensis (RT4) 
in response to varying salt stress. We found that biofilm formation and exopolysaccharide accumulation 
increased at higher salinity. To check the effect of bacterial inoculation on the plant (Cicer arietinum Var. 
CM-98) growth and soil aggregation, pot experiment was conducted by growing seedlings under salt stress. 
Inoculation of both strains increased plant growth at elevated salt stress. Weight of soil aggregates attached 
with roots and present in soil were added at higher salt concentrations compared to untreated controls. Soil 
aggregation was higher at plant roots under salinity. These results suggest the feasibility of using above 
strains in improving plant growth and soil fertility under salinity. 
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INTRODUCTION 

Worldwide increasing salinity greatly reduces the 
nodulation, growth and yield of leguminous crops i.e., faba- 
bean, soybean, chickpea (22, 32, 38). Chickpea, although 
frequently used over the world due to its higher nutritional 
value (33), is severely affected by salt stress. Having higher 



protein content compared to other cereal crops, chick-pea 
{Cicer arietinum L.) is also an important crop for providing 
nitrogen to the soil (32). Accumulation of extracellular 
exopolysaccharide and biofilm formation is commonly 
observed in bacteria. Significance of root-colonizing bacteria in 
improving plant growth has been variously reported (1). 
Biofilm is a complex association of bacterial cells attached to 
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different biotic and abiotic surfaces that can retain moisture 
and protects plant roots from various pathogens (8). 
Association on surfaces involves different polymers of sugars 
called EPS that protects bacteria from stress (40). 
Exopolysaccharides production by bacteria in saline soil can be 
helpful against osmotic stress. Biofilms are established on 
various surfaces like roots and soil particles, respectively 
resulting in cementing of soil particles. This can improve crop 
productivity and physiochemical properties of soil (7, 8). 
Formations of these aggregates have water retaining capacity 
and sustain physiochemical properties of soil (7). The present 
research work aims to explore the exopolysaccharide 
accumulation in bacterial strains and consequences of their 
inoculation on plant growth stimulation and soil aggregate 
formation around roots. 

MATERIALS AND METHODS 

Two previously isolated and characterized (32) salt 
tolerant bacterial strains were used for the present research 
work, i.e., HT1 (accession no. DQ381961, Halomonas 
variabilis) and RT4 (accession no. JF794554 Planococcus 
rifietoensis). Strains were maintained on LB agar with 0.5 M 
NaCl added media. 

Determination of Biofilm formation of bacterial cells 

A qualitative assay for biofilm formation was done 
following (11). Briefly, bacterial cultures were grown in LB 
(21) and M9 broth (26) media with varying salt concentrations 
for 24 hours without agitation. After 24 hours, the liquid 
medium was removed, and the bacterial biofilm was visualized 
by staining test tubes with 0.01 % aqueous solution of 10 mL 
crystal violet for 20 minutes at room temperature. Excess stain 
was removed, and tubes were washed with sterile distilled 
water. Tubes were air dried in an inverted position and 
observed for biofilm formation. Biofilm formation was 
considered positive when a visible purple ring lined the wall 
and bottom of the tube. 

Biofilm was quantified in terms of planktonic, loosely 



bound cells and tightly bound cells, at varying salt 
concentrations (11). Over night grown strains were inoculated 
(100 uL; OD 60 o nm of 0.3 A) in 10 ml of Lbroth (21) and M9 
medium (26) supplemented with varying concentrations of salt 
(0, 0.5, 1, 1.5, 2, and 2.5 M). The tubes were incubated at 37°C 
for 48 hours without agitation (conditions were optimized, data 
not shown). Cells were harvested from test tubes and 
planktonic, loosely bound and tightly bound cells/biofilm was 
quantified following Liaqat et al. (28). 

Quantitative analysis of exopolysaccharide production 

For exopolysaccharide determination, 250 mL flasks 
containing 100 mL of a medium suggested by Verhoef et al., 
(39) were supplemented with varying NaCl concentrations (0, 
0.5, 1, 1.5, 2, 2.5 M). A medium was inoculated (1000 jul) with 
24-hours old bacterial culture (OD 600 0.3) and incubated at 160 
rpm shaker (orbital incubator Model 1-4000 serial number 104 
A IRMECO GmbH, Goesthacht /Germany) for 48 h at 37°C. 
Bacterial growth was monitored by estimating OD 60 o nm (Model 
S-300 DL, R & M marketing, and England). In order to extract 
exopolysaccharide, we followed the method of De Vuyst et al. 
(14). Bacterial cultures were centrifuged (Sigma 3K30, 
Germany) at optimized conditions (10,000 rpm for 15 minutes 
at 4°C). Exopolysaccharide fraction from the bacterial 
supernatant was precipitated (centrifugation 15000 rpm for 20 
minutes at 4°C) using three volumes of pre-chilled acetone 
(Merck). Weight of freshly precipitated exopolysaccharide was 
taken. Exopolysaccharide was dried at 58°C for 24 hours in the 
same glass centrifuge tubes to minimize exopolysaccharide 
loss and dry weight (grams) was noted. 

Exopolysaccharides were quantified in terms of total 
carbohydrates and measured by the phenol- sulfuric acid 
method using glucose as a standard (16). Experiments were 
performed in triplicates. 

Plant inoculation, growth, and harvesting and biochemical 
analysis 

Certified seeds of (Cicer arietinum Var. CM-98), obtained 
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from Punjab seed corporation, Lahore, Pakistan. Seeds were 
surface sterilized with 0.1 % HgCl 2 solution for 10 minutes, rinsed 
with sterile water two to three times and then inoculated with 
bacterial strains. Cells from bacterial cultures (24-hour old) were 
harvested by centrifugation. Cells were suspended in sterile 
distilled water to get bacterial suspension (OD 60 o adjusted 10 8 mL" 
1 cfus). Sterilised seeds were inoculated for 30 minutes prior to 
sowing. For control, seeds were soaked in sterile water of same 
volume for the same period of time. Seeds were sown in plastic 
pots containing 120 g pot" 1 sieved, autoclaved and air dried garden 
soil. Seeds were sown in soil filled pots added with four different 
concentrations of NaCl (0, 50, 100 and 200 mM) per gram weight 
of soil. Pots were placed in the dark at 28 ± 30°C for three days. 
After three days of seed germination, pots were transferred to light 
intensity of 10 Klux, photoperiod of 16-hour light/dark and 
temperature 37°C ± 1 for 15 days. After 15 days, the seedlings 
were harvested and different growth parameters i.e., seedling 
length (cm), fresh weight (mg per seedling) and dry weight (mg 
per seedling) was measured. Seedling length was measured of 
harvested plant. Harvested plants were weighed to get fresh weight 
(mg per seedling) Dry weight (mg per seedling) was noted after 
drying the harvested plant at 60°C for 24 hours. 

Total soluble protein (|ug/g fresh weight) of plants was 
determined following Afrasayab et al., (1). Total soluble sugar per 
gram of dry weight of plant was measured by the phenol-sulphuric 
acid method (16) using glucose as a standard. In all experiments, 
reported values are the mean of three replicates. The difference 



between the means was tested using the least significant difference 
test (p<0.05). 

RESULTS 

Effect of varying salt concentrations on Biofilm formation 

We have described the effect of varying salt concentrations in 
two different media on biofilm formation of two bacterial strains 
Halomonas variabilis (HT1) and Planococcus rifietoensis (RT4). 
Biofilm formation formed by both strains Halomonas variabilis 
(HT1) and Planococcus rifietoensis (RT4), was visualized as 
purple ring after staining with 0.01 % crystal violet in a qualitative 
analysis. Quantification of planktonic, loosely attached, and tightly 
bound cells in both strains showed that there was a trend of slight 
decrease in planktonic and loosely bound cells in LB and M9 
medium after 1 M NaCl stress. However, in M9 medium a slight 
decrease was observed for loosely bound cells from 1.5 M to 2.5 
M NaCl stress, pronounced for Halomonas variabilis (HT1) strain. 
Loosely bound cells were more in M9 medium as compared to LB 
medium. Loosely bound cells of Planococcus rifietoensis (RT4) 
seemed unaffected at increasing salt concentrations in M9 
medium. Maximum amount of loosely bound cells were observed 
at 1 M and 1.5 M NaCl stress. Biofilm in terms of tightly bound 
cells was observed at comparable rates in LB medium for both 
strains at increasing salt stress. Biofilm formation was consistent 
at 2 M and 2.5 M NaCl stress for strain Planococcus rifietoensis 
(RT4) (Figure 1). 
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Figure 1. Effect of varying salt concentrations on planktonic, loosely bound and tightly bound cells of 
bacterial strains in LB and M9 media. 
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Effect of varying salt concentrations on exopolysaccharide 
production by bacterial strains 

Effect of varying NaCl concentrations (0.5, 1, 1.5, 2 and 
2.5 M) was also checked on the exopolysaccharide production 
of bacterial strains. Results showed that strain Planococcus 
rifietoensis (RT4) exhibited higher exopolysaccharide at 
increasing salt stress as compared to Halomonas variabilis 
(HT1). As observed from the fresh weight and dry weight 
(grams) values of exopoly saccharides (Figure 3), maximum 



increase in exopolysaccharide was observed at 1.5 M to 2 M 
NaCl but it slightly decreased thereafter. However, dry weight 
of exopolysaccharide was higher at 0.5 M to 1 M NaCl and 
decreased at 1.5 to 2.5 mM NaCl stress. Quantitative analysis 
of exopolysaccharide in terms of carbohydrate (Figure 2) was 
higher at 0.5 M and 1 M NaCl stress. However, at no salt stress 
or low concentration of NaCl exopolysaccharide production 
was reduced (Figure 3) 
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Figure 2. Effect of varying salt concentrations on (A) Bacterial growth in EPS medium (B) exopolysaccharide contents in terms of 
glucose (mg/100 ml culture) of bacterial strains. 
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Figure 3. Effect of varying salt concentrations on fresh weight and dry weight of exopolysaccharide of bacterial strains 
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Effect of Bacterial inoculation on plant growth 

Increasing salt stress affect all growth parameters of 
plants. Results showed that in noninoculated plants, there was a 
little effect of NaCl stress up to 50 mM. However, reduction in 
all growth parameters of noninoculated plants, including 
germination (85 %), seedling length (50 %), fresh weight (52 
%) and dry weight (48 %) parameters was observed at 200 mM 
NaCl stress. However, maximum increase in accumulation of 
total soluble sugars (82 %) and protein contents (9 %) was 
observed at 100 mM NaCl concentrations (Figure 4) in 
noninoculated plants. In all inoculated plants, growth 
parameters, significantly improved towards higher salinity. 
Inoculation stimulated the germination (152 % by HT1 and 178 
% by RT4) of seedlings at 200 mM salt stress (Figure 4) 
compared to respective control treatment. Response of two 
strains on improving seedling length was pronounced at 200 



mM NaCl stress. Strain RT4 and HT1 improved seedling 
length by 1 14 % and 51 %, respectively as compared to control 
without inoculation (Figure 4). Salt stress reduced the fresh 
weight of uninoculated plants. Both the strains HT1 and RT4 
positively stimulated fresh weight (mg per seedling) 153 % and 
177 % at 100 mM, respectively. Dry weight values were also 
significantly increased (1988 % and 3712 %) by both strains 
HT1 and RT4 at 200 mM NaCl stress, respectively (Figure 5). 
Maximum increase in the total soluble sugar content (mg g" 1 
fresh weight) was observed at 100 mM NaCl stress by HT1 (46 
%) and at 200 mM NaCl stress by Planococcus rifietoensis 
(RT4) (256 %). Similar effect for protein content (jugg 1 fresh 
weight" 1 ) (maximum 107 % increase by HT1 and 219 % 
increase by RT4) were observed at 100 mM NaCl stress 
(Figure 4). 
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Figure 4. Effect of varying salt concentrations (mM) on the (A). Seed germination (B). Seedling length (cm) and biochemical 
parameters (C) Total soluble sugar (mg/g fresh weight) (D). Protein (|ug/g fresh weight) contents of Cicer arietinum Var. CM-98 
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Figure 5. Effect of varying salt concentrations (mM) on the (A) Fresh weight and dry weight mg per seedling of (Cicer arietinum 
Var. CM 98) (B). Weight of soil aggregates (grams) present on soil and plant root. 



Effect of bacterial inoculations on soil aggregates under 
varying salt stress 

Soil aggregates attached to plant roots and present in soil 
were weighed to check the effect of bacterial inoculation under 
varying concentration of salt stress. Planococcus rifietoensis 
(RT4) caused maximum 808 % increase and Halomonas 
variabilis (HT1) caused maximum 666 % increase at 100 mM 
NaCl as compared to control plants. Increase in weight of 
aggregates at 200 mM NaCl was 130 % more with 
Planococcus rifietoensis (RT4) as compared to noninoculated 
control. Weight of aggregate formation in soil was less as 



compared to the roots. However, soil aggregation was more 
pronounced with Planococcus rifietoensis (RT4) where 75 % 
more soil aggregates were formed at 200 mM NaCl stress 
(Figure 5). 

DISCUSSION 

We choose two previously isolated salt tolerant strains 
Halomonas variabilis (HT1) and Planococcus rifietoensis 
(RT4) and studied the effect of varying NaCl concentrations 
(M) on biofilm formation and exopolysaccharide production. 
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Biofilm was higher in M9 medium as compared to LB 
medium. It seems that biofilm development protected the cells 
at elevated stress of nutrients and salt with increasing time. 
Decrease in planktonic and loosely bound cells with a 
subsequent increase in tightly bound cells was observed. It may 
be speculated that bacterial cells fight back with stress to stay 
alive in the form of micro colonies (25). Environmental stress 
like nutrients and osmotic stress poses increased bacterial 
competition for available nutrients, and bacteria revert from the 
planktonic stage to sessile assemblages at various biotic and 
abiotic surfaces to protect them in the rhizosphere (19, 20). 
Moreover, increased production of exopolysaccharide against 
higher salt stress also favors biofilm formation and protects this 
mini assembly by retaining a water layer around the cells (9, 15, 
20, 23). This is also in line with the previous findings that EPS 
of Staphylococcus was visible extending in various directions 
from the cells and help them to adhere to surfaces (18). Sticky 
nature of EPS depends on its composition, i.e., sugars, proteins 
and lipids (12). Our results are in line with previous studies 
where exopolysaccharide production reduced in the medium 
with the addition of salt (29). It may be speculated from 
previous reports that variable exopolysaccharide production in 
different bacterial genera Halomonas variabilis (HT1) and 
Planococcus rifietoensis (RT4) in response to salt stress may 
account for the success of bacterial strains in a wide variety of 
ecosystem. Previous reports also show that biofilm formation 
and exopolysaccharide production by bacterial strains 
significantly contribute to soil fertility and improve plant 
growth (6, 7, 13,28). 

Results of present study indicate that difference in fresh 
weight and dry weight values of EPS is significant at higher 
salt stress that shows its better water holding capacity. It is also 
in line with many previous studies showing that 
exopolysaccharide facilitates nutrient and water retention, (6, 
15) cell adhesion, cell-cell signalling and protection of 
individual cells (25) from stress. Production of 
exopolysaccharide can also be beneficial in attachment of 



bacterial cells to biotic surfaces like plants (15, 19). We also 
tested the comparative effect of both strains on the growth of 
Cicer arietinum (Var. CM 98) seedlings. The results of present 
study are in agreement with several recent and previous reports 
where significant effect of salt on crops has been reported (10, 
38). In general, it was observed that bacterial inoculation 
stimulated the plant grown with and without salt stress. The 
results are in line with many other previous and recent reports 
stating the role of bacterial inoculations in improving plant 
growth (3, 10, 38). Our results are consistent with the 
hypothesis that both strains have a tendency to form a biofilm 
at elevated stress so their presence on seedlings maintains 
sufficient moisture around seeds. This helps them to survive at 
their germination stage at higher levels of the NaCl stress. It is 
also important to mention (6, 34, 35) that excess of sodium 
ions in the soil decreases the fresh weight and dry weight 
values at higher salinity. Total soluble sugars and soluble 
protein contents are better indicators of osmotic adjustments in 
plants in response to stress (27). Both these parameters have 
also been reported to increase with increasing salt stress in 
noninculated plants under salt stress. Accumulation of total 
soluble sugars and soluble protein contents at higher level is 
associated with the maintenance of the plant turgor required for 
growth under salt stress. 

Soil aggregation increased in inoculated soil at higher salt 
stress up to 100 mM. Aggregate formation was more 
pronounced around roots. This indicates that bacterial 
attachment in response to salinity is stimulated and leads to 
biofilm formation at root surfaces. Increased biofilm formation 
and higher EPS also helps the soil particles to stick together 
and with roots (7). The binding properties of their 
exopolysaccharide would cause soil particles to cement and 
strengthening aggregates formation (4, 5) and favour plant 
growth under salt stress. 

PGPR traits are significantly important for crop 
development under saline soil. Although, as far as this study, 
the PGPR activities of these two strains Planococcus 
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rifietoensis (RT4) and Halomonas variabilis (HT1) have not 
been tested yet. However, previous studies show that a salt 
tolerant bacterium Halomonas elongata has the ability to 
inhibit the fungal growth (17). Moreover, salt tolerant strains 
have also been reported to produce indoleacetic acid (IAA) 
resulting in the development of in vitro shoot formation (2). 
Inoculation of Halotolerant Planococcus rifietoensis RSI 8 
isolated from rhizosphere on growth promotion of canola plant 
under salt stress has also been reported previously (36). 
Another study described the role of Planococcus rifietoensis 
M2-26 in secreting chitinase and b-1, 3-glucanase that can 
degrade the fungal cell walls components chitin and b-1, 3- 
glucan, respectively (41). Roles of plant growth promoting 
traits of bacteria are very significant for crop yield so these 
activities of salt tolerant strains must also be under 
consideration along with other growth promoting effects. 
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